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Abstract
Recent advances in information technology allow for greater flexibility in designing document flows
and in the allocation of tasks along the business process.  Many companies try to leverage on these
technological advancements through the use of expanded jobs and tasks consolidation.  While task
consolidation reduces hand-off delays, it requires changes in the supporting information technology
and leads to a loss of specialization.  Since a typical business process contains dozens of tasks, it is
not clear which tasks should be consolidated as a number of factors must be taken into account: the
precedence of information flows, loss of specialization, alignment of decision rights, reduction in
hand-offs and technology support costs.  This paper presents a new methodology that helps system
designers determine the optimal set of tasks to be consolidated.  The proposed methodology is fully
automated and is designed to maintain all the information flows and precedence constraints.  The
business process workflow is modeled as a directed graph and analytical formulations of the task
consolidation problem using mixed integer programming are presented.  Optimal design insights are
obtained for both sequential and generic process structures.  Initial results reveal when the loss of
specialization and lack of task control can undermine the benefits of cycle-time reduction through
consolidation.  It was also observed that the effects of information technologies on the pattern of
consolidation can vary dramatically from case to case.  Finally, the paper explains why these
information technologies that support task processing will facilitate consolidation, while technolo-
gies that mostly reduce delays and help communications will facilitate specialization as well as
independent task monitoring.
Keywords:  Business process reengineering, job design, electronic documents, document manage-
ment, work flow.
1. INTRODUCTION AND MOTIVATION
Business process reengineering (BPR) has been largely motivated by the view that the current division of labor and
division of management are no longer efficient.  This is due to the increased competition as well as advancements
in information technologies.  Driven by fierce competition, companies endeavor to shorten cycle-time and improve
quality and customer services.  As companies invest more and more in information technologies, costs of transferring
information both up and down the organization have been dramatically reduced.  As a result, the optimal organiza-
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tional architecture should move toward either more centralization or more decentralization (Brickley et al. 1997;
Brynjolfsson 1990; Bryjolfsson et al. 1994; Markus and Robey 1988; Orlikowski 1994).  The vast body of research
dealing with IT impact on organizations has confirmed that the adoption of new technology is associated with broad
changes in the embedded processes, knowledge sets, and the structure of an organization (Cheney and Dickson 1982;
Markus and Robey 1988; Orlikowski 1994).  Although dramatic changes in all aspects of a business process are
called for in the BPR literature, workflow design has become the heart of an information-intensive business process.
Consequently, workflow technology has emerged as the main enabler of such processes.
Many publications dealing with BPR present a collection of success stories and a large variety of heuristics.  They
recommend principles such as “combine several tasks into one,” “workers make decisions,” and “reduce checks and
controls” (Hammer and Champy 1993).  No scientific justification is presented to suggest the value of these
heuristics.  Early analysis of these rules focused on the queuing effects of various job designs (Buzacott 1996;
Seidmann and Sundarajan 1997).  The problem of optimally consolidating many tasks within a business process
model has not been addressed so far.
The process modeling approach used here stems from the rich body of research in software engineering and systems
analysis.  It is based on the conviction that software processes are business processes too (Boyd 1994; Dowson 1994;
Gruhn 1992; Henderson 1994; Scacchi 1994; Thomas 1994).  The basic approach is to map a business process
according to the specific model developed and then identify workflow redesign initiatives through investigation of
the mapped processes (Jarzabek and Ling 1996; Kim 1996; Wang 1994; Yu 1995).
The aim of this paper is to provide a systematic approach to identifying and evaluating different workflow redesign
options.  The proposed methodology is amenable to quantitative evaluations and automatic support.  The idea that
consolidation of two neighboring tasks can be used to identify business process redesign initiatives is followed
(Agwarl and Tanniru 1996).  This idea is also supported by researchers in economics, who observed that redesign
initiatives for a given business process are commonly achieved through bundling of jobs (Brickley et al. 1997).
When the processing task and the controlling task are combined, the same person becomes responsible for both tasks.
It follows the tradition of employee empowerment where the employee who gathers information gets the authority
to make decisions based on that information.  This may be thought of as consolidating the task of decision making
into the task of information gathering.  Similarly, replacing specialists with generalists is equivalent to consolidating
multiple tasks into one in order to reduce hand-offs and information flow delays.
Consolidation of two or more tasks may reduce communication costs.  However, it may result in delegating decision
rights to the wrong person.  It can also result in increased agency costs due to the reduction of certain checks and
control tasks.  Task consolidation can lead to inefficient utilization of human resources due to loss of specialization.
The rest of the paper proceeds as follows:  Section 2 introduces the general mathematical model of consolidation
through a real world example.  Section 3 details the mathematical model and results for one particular type of
processes:  sequential processes.  Section 4 provides an example to illustrate the consolidation approach.  Section
5 summarizes the results.  Section 6 discusses model limitations, applicability and numerical properties.  Section 7
concludes the paper.  A summary of notations used is provided in the appendix.
2. TASK REDESIGN THROUGH CONSOLIDATION
The formal methodology is illustrated using a simplified version of the order fulfillment process used by a mail order
company in Rochester, NY.  The orders are received either through mail, phone, or fax and are entered into the cus-
tomer-order database (task 1).  If the order is valid, task 1 forwards it to task 2 for credit approval and to task 3 for
inventory-availability.  Task 2 verifies customer credit information and if the order is approved, forwards the order
to task 4 for item picking and lading.  Task 3 checks the warehouse inventory, and if the ordered items are in stock,
Workflow Redesign Through Consolidation
1The cycle-time equals the sum of processing duration of all tasks on the critical path plus the delay between every two
neighboring tasks on the critical path.  Hence it equals to time of task 1 + delay between tasks 1 and 3 + time of task 3 + delay
between tasks 3 and 4 + time of task 4 + delay between tasks 4 and 6 + time of task 6 +delay between tasks 6 and 7 + time of
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Task 1:  order entry
Task 4:  pick-list generation
Task 7:  item packing
Task 2:  credit verification
Task 5:  shipping document printing
Task 8:  mailing
Task 3:  inventory-holdings verification
Task 6:  item picking
Task 9:  billing
Figure 1. The Order Fulfillment Process 
forwards the order to task 4.  Task 4 locates the storage area of all items in the order and process a “minimum
distance” pick list.  It forwards the output to task 6 for picking.  Task 4 also sends information to task 5 which prints
out all the shipping documents.  Task 6 forwards the order and the items to task 7 for packaging.  Task 8 consolidates
the completed order plus picked items from task 7 and all the shipping documents from the printer.  Task 8 then mails
the fulfilled order to the customer.  Task 8 also forwards the final copy of the order and mailing charges to task 9 for
billing.  This order fulfillment process is represented by a directed graph in Figure 1.
Arrows represent information or material flows.  Each task takes a certain amount of time to finish. Task times are
listed in Table 1.
Table 1.  Task Duration for the Order Fulfillment Process
Task Number 1 2 3 4 5 6 7 8 9
Mean Processing Duration (min) 5 15 10 10 25 20 15 10 5
Hand-off delays are incurred when there is an information (or material) flow from the upstream worker to the
downstream worker.  This delay may occur because the data has to be read again, computer screens may have to be
switched, and some informal information may have to be collected again by the operator.  In this example, there are
hand-off delays from order entry (task 1) to credit verification (task 2), from order entry (task 1) to inventory-
holdings verification (task 3), from credit verification (task 2) to item locating (task 4), etc.  For simplicity, assume
that the hand-off delays between any two tasks are identical and equal to 10 minutes.  Analysis of the data in Table
1 suggests that the critical path of this process is task 16task 36task 46task 66task 76task 86task 9.  This is because
credit verification (task 2) will be completed when inventory-holdings verification (task 3) is still in process; printing
(task 5) will be completed when item packing (task 7) is still in process.  The cycle-time of this process1 then equals
5 + (10) + 15 + (10) + 10 + (10) + 20 + (10) + 15 + (10) + 10 + (10) + 5 = 140, among which 60 minutes are due to
hand-off delays between tasks.
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Allowing the item-picking crew to package (consolidating tasks 6 and 7) would reduce the cycle-time from 140
minutes to 130 minutes by eliminating the 10 minute delay in-between.  Interestingly, allowing credit verification
and item locating to be done by the same person (consolidating 2 and 4) would change the critical path to: task 16task
36tasks 2 plus 46task 66task 76task 86task 9.  This task consolidation will increase the cycle-time from 140 to 155.
It happens because credit verification (task 2) cannot start until inventory-holdings verification (task 3) has finished,
and tasks 2 and 4 are combined into one.  Also note that order entry (task 1) cannot be consolidated into item locating
(task 4) without consolidating credit verification (task 2) and inventory-holdings verification (task 3) also.  This is
because credit verification and inventory-holdings verification (tasks 2 and 3) both must receive information from
order entry (task 1) and produce information for item locating (task 4).  If credit verification (task 2) is already
consolidated (and being performed by task 4), it cannot at the same time be consolidated into and be performed by 1.
Pair-wise consolidations can represent consolidation of more than two tasks.  For example, consolidating tasks 4,
6, 7 can be represented as consolidating tasks 4 and 6 and tasks 6 and 7.
Consolidating two tasks would usually incur costs as well as cause loss of specialization.  Which tasks to consolidate
depends on the organization’s willingness to manage change and the importance of cycle-time reduction.  Next, a
mathematical model that captures the key economic tradeoff between the benefits and costs of task consolidation is
presented.
Let n be the number of tasks in a process network.  Let i and j be indices for this set of tasks. The process network
can be represented by a directed graph G(V, E).  Nodes in set V  represent tasks.  Each directed arc in set E,  from
i to j represents a precedence relationship, which states that j cannot start until i has already been completed.  Assume
that the process forms an acyclic directed graph and that there are no redundant arcs.  Tasks i and j are defined to be
neighboring tasks if there is a directed arc from one to the other.  Let the input binary  parameter "ij be 1 if there is
a directed arc from i to j, 0 otherwise.  Let the input real-valued parameter Ji represent the processing time of task
i (minutes).   The real-valued parameter (ij  be the hand-off delay between i and j when there is a directed arc from
i to j (minutes).  Consolidating i and j is assumed to eliminate this delay.
Define real-valued decision variables f1, f2, f3, ... fi, ... fn to be the finishing times of tasks 1, 2, 3,..., i,..., n, respectively.
Without the loss of generality, assume the process starts at task 1 and ends at task n.  Let *  be the proportional
reduction in cycle-time.  Obviously, f1 = J1 and fn is the cycle-time of the process.
Define binary decision variables xij’s to be 1 if i is consolidated into task j, Øi, j;  i and j can only be consolidated if
they are neighboring tasks.  If i is consolidated into j, then i cannot be consolidated into another task, nor can j be
consolidated into i.  Consolidating two tasks would usually incur costs as well as cause loss of specialization.  Loss
of specialization is defined as changing task-time from Ji to (Ji + 0i • Ji), where 0i is a non-negative constant.
Consolidating two tasks may incur different costs depending on whether i is consolidated into j, or j is consolidated
into i.  For example, if i is a simpler task than  j, then consolidating task i into j requires j to do work that was
previously done by a less skilled operator.  On the other hand, if j is consolidated into i, different training and support
are needed to enable the lesser trained employee to make decisions that were previously made by j, if this is at all
possible.  Let )ij be the cost of consolidating task i into task j ($).  Let )ji be the cost of consolidating task j into i.
Costs)ij and )ji may not equal.  Also assume that the consolidation costs are linearly additive.  Given the input cost
parameters )ij for all neighboring tasks i and j, the cost of consolidation on the whole process can be expressed as
.j
i, j
x
xj × ij
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While consolidation will almost definitely incur costs, it does not always bring benefits.   Let * be the value of cycle-
time reduction.  Since fn is the new cycle-time after implementing a set of consolidations, the organization’s problem
of implementing the most profitable consolidations can be expressed as
min
xij,fn
• f
n
% j
i, j
xij • ij
Subject to 
fi is feasible, Øi
xij is feasible, Øi, j
The detailed formulation is provided in Dewan et al. (1997).  Next, the formulation and properties of sequential
processes are studied.  Most results obtained under sequential formulation are applicable to more generic cases, as
will be shown later.
3. THE OPTIMIZATION MODEL
For brevity, only the simplified model of the task consolidation problem will be presented.  The simplified model
is for sequential work flow processes.  A more general model is presented in Dewan et al.  There is only one
incoming and outgoing arc to and from each task i, iß1, i ß n in a sequential process.  There is one outgoing arc from
1 and one incoming arc into n.  The formulation is the following. (A summary of notations is provided in the
appendix.)
SECP: min
xij,fn
• f
n
% j
i<n
xi,i%1 • i,i%1 % j
i>1
xi,i&1 • i,i&1
Subject to
Øi<n (1)fi%1 & i%1 $ fi % (1 & xi,i%1 & xi%1,i) • i,i%1
Øi<n (2)xi,i%1 % xi%1,i # 1
Øi, 1<i<n (3)xi,i%1 % xi,i&1 # 1
(4)f1 ’ 1
Øi<n (5)xi,i&1 60,1>, Øi>1, xi,i%1 60,1>
Constraint (1) ensures the precedence relationship.  The value of 1-xi,i+1-xi+1,i determines whether or not there is a
delay (i,i+1 between i and i+1.  Constraints (2) and (3) eliminate inappropriate consolidation patterns. The next few
subsections study the properties of the optimal solution to SECP and its sensitivity to changes in parameters.
3.1 Necessary Condition for Consolidation
In a sequential process, every task is on the critical path of the total cycle-time.  Hence the consolidations that cost
more than the potential savings in the cycle-time are not candidates for consolidations.  However, since the cost of
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consolidating i into j ()ij ) can be different from the cost of consolidating j into i ()ji), the tradeoff of a consolidation
should be with respect to the whole process.
Proposition 1. The optimal set of consolidations observes the following:
(1) It is always the case that if task i is consolidated into task j, then )ij#(ij**.  In other words,
)ij#(ij**  is a necessary condition for xij to be 1;
(2) However, )ij#(ij**  is not a sufficient condition for xij to be 1;
(3) xij=1 does not necessarily imply (ij** - )ij $(ks** - )ks, Øk, s, xks=0.
All proofs are contained in the detailed version of the work in Dewan et al.
This proposition implies that organizations cannot pick the optimal set of consolidations by examining each
consolidation individually.  This makes the problem harder to solve.
3.2 Value of per Unit of Cycle-Time Reduction
An organization’s perception of the value of per unit of cycle-time reduction is an important factor as well.  Delay
in some processes may not be costly, although in other scenarios it can be detrimental to the success of the organiza-
tion.
Proposition 2.  Value of per unit of cycle-time reduction.
If the ability and willingness to manage change is not binding, then as the value of per unit of cycle-time reduction
(*) increases, the optimal total spending on consolidations increases.  This results in a more dramatic reduction in
cycle-time, but the value of the objective function will strictly worsen.
The managerial implication of this proposition is that consolidation efforts should focus on processes that are more
time-critical.  If the changing environment renders it more critical than before to shorten the cycle-time, then larger
scale consolidations should be planned for, unless the organization no longer has resources for change.
Value of per unit of cycle-time reduction depends on the competitive position of an organization.  In the short run,
information technology does not directly impact this parameter.
3.3 Loss of Specialization
The previous formulation SECP assumed that task times remain the same after consolidation.  However, in most
scenarios, task times will increase due to loss of specialization. However, the consolidation pattern can be affected
either way. As mentioned before, loss of specialization is the increase in task time due to the fact that one person is
performing multiple tasks.  More specifically, task time Ji is increased to Ji + 0i • Ji, where 0i is a certain constant
and is defined as the degree of loss of specialization.
Proposition 3.  Loss of specialization:
(1) An increased degree of loss of specialization will worsen the value of the objective function.
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(2) As the degree of loss of specialization increases, the optimal spending on consolidation may
decrease or increase.  If the resulting optimal spending strictly decreases as a result of the
increased degree of loss of specialization, then the total cycle-time will be strictly higher than
previously.  If the resulting optimal spending increases, then the new cycle-time may be better
than, worse than, or equal to the previous cycle-time.
(3) Although the total spending on consolidation fluctuates as the degree of loss of specialization
increases, it tends to decrease as loss of specialization gets bigger and bigger.
Loss of specialization is a disincentive for consolidation efforts.  Organizations should be aware of tasks with specific
information, knowledge, or skills.  Consolidating these tasks may not bring any savings but may incur high costs in
implementation.  Organizations should avoid consolidating these tasks and instead move efforts toward other parts
of the process that would experience less loss of specialization when tasks are consolidated.
Although this proposition seems again to be a direct result of loss of specialization, in practice, organizations very
often form a restructuring plan without studying the impact of loss of specialization.  This proposition serves as a
strong reminder of the impact of loss of specialization.
Information technologies, such as database systems and decision support systems, facilitate task processing usually
by providing more information at lower costs.  These systems reduce information specificity and decrease loss of
specialization.  As a result, presence of these systems will facilitate consolidation in the process, and hence result
in a more centralized process structure.
3.4 Delay and Hand-Off Times Between Tasks
Reducing delay and hand-off times between tasks is the main motivation for consolidation since hand-off from the
upstream task to the downstream task is identified as one of the main factors of inefficiency in BPR literature
(Hammer 1990).
Proposition 4.  Delay ((ij)
When delay between two tasks increases, it may or may not have an impact on the optimal consoli-
dation pattern.  If there is an impact on the optimal pattern of consolidation, then the value of the
objective function will worsen.
(1) As the delay between two tasks increases, the optimal spending may increase or decrease.  If the
resulting optimal spending decreases as a result of the increased delay, then the total cycle-time
will be worse than previously.  If the resulting optimal spending increases, then the new cycle-
time may be better than, worse than, or equal to the previous cycle-time.
(2) Although the total spending on consolidation fluctuates, the spending as a trend tends to increase
as delay gets bigger and bigger.
(3) When delay between any two tasks is the same, then increase in delay between all tasks will
result in more consolidations.  The optimal spending on consolidation will increase.  However,
the value of the objective function will worsen. The total cycle-time may be worse, equal to, or
better than previously.
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Tasks with higher delay and hand-off times are usually the first targets for consolidation.  Although process-wide
increases in delays will usually demand a higher spending on consolidations to achieve the desired results, in certain
scenarios, the total spending on consolidation may actually  decrease as a result of increases in delays.  This result
appears to be counter-intuitive.  The proof of this proposition provides an example of when it is the case.  Organiza-
tions may not undertake a restructuring plan at larger scale just because the delay between certain tasks has worsened.
A careful study and evaluation of all options should be conducted first.  
Certain types of IT, such as workflow technology and groupware technology, are designed to dramatically reduce
delays and hand-off between all tasks.  Adoption of these technologies makes consolidation less attractive. Presence
of these systems will facilitate specialization and discourage consolidation of a process.
3.5 Consolidation Costs
Consolidation costs are costs incurred to implement consolidation of two neighboring tasks.  Depending on the nature
of the consolidation, this cost may come from either decreased value of decision making or increased cost of
conducting the tasks involved.  The value of a task may decrease due to, for example, misalignment of decision rights
and incentives or declining of task quality due to lack of specific knowledge or skills.  The cost of a task may increase
due to, for example, either fixed training costs or higher variable labor costs.
Proposition 5.  Cost of consolidation ()ij)
(1) As the cost of consolidation increases, the value of the objective function will worsen.
(2) The optimal total spending on consolidation may increase or decrease.  If the resulting optimal
spending decreases as a result of the increased cost of consolidation, then the total cycle-time
will be higher than previously.  If the resulting optimal spending increases, then the new cycle-
time may be better than, worse than, or equal to the previous cycle-time
(3) Although the optimal total spending on consolidation fluctuates with decreases in consolidation
costs, the spending as a trend tends to decrease as the consolidation costs gets bigger and bigger.
Tasks with highly specific information or designed for management control are usually not good candidates for
consolidation unless other means are available to mitigate costs from lack of control.  When costs of consolidations
increase, organizations may not automatically expect to spend more on consolidation.  Instead, organization shall
reevaluate its option.  The optimal consolidation pattern at this point may be one with much less total spending.
Information technology that provides support for managerial control reduces the costs from misalignment of
incentives.  Hence it reduces cost of consolidation.  Consequently, it will facilitate consolidation.
4. THE EXAMPLE REVISITED
Consider the order fulfillment process described earlier in Figure 1.  In this process, the hand-off delay between any
two tasks is 10 minutes.  The consolidation cost between any two tasks is $4,000.  This cost arises from changes in
underlying information system, personnel training, and office layout.  If the company estimates that the  value of per
unit of cycle-time reduction is $250 per minute per job over the planning horizon, then the organization is better off
not performing any consolidations.  On the other hand, if the value of per unit of cycle-time reduction is $500, then
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2a:  If the value of per unit of cycle-time reduction
is 50K, the optimal consolidation pattern is to 
consolidate 6,7 and 8,9.  The total cycle-time is 
reduced by 20 minutes at a cost of 100K.
2b:  If the value of per unit of cycle-time reduction
is 100K, and if 8 and 9 can not be consolidated, the
optimal consolidation pattern is to consolidate
6,7 and 1,2,3,4.  The total cycle-time is reduced by
20 minutes at a cost of 200K.
the consolidation of tasks 6 (item picking) and 7 (item packing) plus consolidation of tasks 8 (mailing) and 9 (billing)
will reduce the cycle-time by 20 minutes at a cost of $8,000.  This provides the company with an additional net
benefit of 250 x 20 – 8,000 =  $2,000.  The revised process is illustrated in Figure 2a.
Now suppose that the mailing and billing tasks may not be combined for administrative reasons.  This additional
condition is modeled by adding a constraint that the tasks 8 and 9 may not be consolidated.  If the value of per unit
of cycle-time is $1,000, then the optimal consolidation pattern would be to consolidate 6 (picking) and 7 (packing),
plus four-task consolidation 1, 2, 3 and 4 (from order entry to item locating). This will reduce the total cycle-time
by 20 minutes at a cost of $16,000.  This new process design will provide the company an additional net benefit of
1,000 x 20  –  4 x 4,000 =  $4,000.  The mail order company studied followed a similar pattern and consolidated these
six tasks.  The new design is illustrated in Figure 2b.
In this application, one should start with mapping the process in question. The parameters of task times, delay times,
value of cycle-time reduction, and consolidation costs should be obtained next using other research methods such
as survey studies.  The model has been easily incorporated in a commercially available optimization program called
GAMS.  Using GAMS, models were run with up to 30 task process.  On average it took about 10 minutes to obtain
an optimal solution on a Pentium PC.  Alternatively, the use of a dedicated optimization software for larger problems
is recommended.
5. CONCLUSIONS
This paper presents a new methodology for workflow redesign through task consolidation in information intensive
business processes.  The proposed methodology quantifies the cycle-time reduction benefits derived by adjacent task
consolidation.  It identifies the optimal subset of tasks to be consolidated while maintaining the information flows
precedence constraints as imposed by the business process design requirements.  The methodology aims at reducing
the overall cycle-time per process while accounting for the performance effects arising from loss of specialization.
Several applications of the methodology reveal that managers should pay special attention to tasks that require
specific information, knowledge, or skills, since the gain in cycle-time may be dramatically undermined by loss of
specialization.  Consolidating certain control tasks may cause misalignment between incentives and decision rights,
hence the associated costs may be too high to justify the change.  Organizations could achieve good results through
consolidation in those cases where the prolonged cycle-time is due mainly to hand-offs and intertask communica-
tions.  Those cases where consolidation will not bring any positive benefits were also identified.
Figure 2.  Illustration of Optimal Consolidation Patterns Under Different Input Parameters
Dewan, Seidmann, and Walter
294
The mathematical model used in this paper is most applicable to administrative processes with relatively stable task
structures such as order fulfillment by mail order distributors, mortgage processing, medical billing, or configuration
management in large scale engineering design projects.  The model also assumes that the delays between two tasks
are also relatively fixed.  Routine transactional processes, such as order fulfillment, usually fit these assumptions.
The model addresses mainly the technological and operational aspects of workflow design.  It does not deal explicitly
with the issues of incentives and moral hazard.  Ongoing research is aimed at trying to expand the scope of the model
to account for these factors.
The introduction of recent document management technologies has diminished the effect of physical distance and
therefore facilitates the move from fragmented tasks to a more holistic process orientation.  Availability of low cost
rapid protocol converters, secured intranets and extranets, and integrated data management systems such data
warehouses facilitates information sharing across multiple locations and corporate boundaries.  In addition, the rapid
deployment of domain specific expert systems and widely acceptable corporate standards allow users to conveniently
access data from multiple resources and to conduct high level analysis for decision support.  It is expected that
application of this new methodology will result in improved business process design where decision rights are more
closely aligned with the operator’s specific knowledge.    Fewer tasks per process mean improved coordination, better
monitoring, and easier supervision—thereby leading to even greater organizational gains.
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APPENDIX 
SUMMARY OF NOTATIONS
Given variables and parameters:
i, j, k: indices for tasks.
n: number of tasks in the process;
"ij: indicator function, 1 if there is a directed arc from i to j.  "ij is not transitive, i.e., the input to the
directed graph is minimal and does not contain any redundant inputs.  Thus if "ij = 1, and "ik = 1,
then "ik = 0;
$ij: 1 if there is a directed path from i to j, 0 otherwise;
: processing time duration of task i;i
Kij: processing delay between i and j;
*: dollar value of unit cycle-time reduced from the current cycle-time;
T0: current cycle-time;
)ij: cost of consolidating i into j;
N: set 1...n;
M: a big number, M > T0
Decision Variables:
fi: finishing time of i.  Assume that the process starts at 1 and ends at n;
xij: indicator function, 1 if i is consolidated into j so that j is now performing tasks previously done by
either i or j;
Dependent variable:
yij: indicator function, 1 if i must finish before j can start, 0 otherwise.
wij: indicator function, 1 if i and j are done by the same worker; 0 otherwise;
uij: indicator function, 1 if there exist i1, i2, …, ik, such that xi,i1=1, xi2,i3=1, …, xik,j=1.
